Two different DNA fragments, one of 2.9 kilobases and the other of 5.1 kilobases, were cloned from Phytophthora citrophthora and showed no homology with DNA from plants and other related fungi. These DNA probes hybridized with DNA from 12 different P. citrophthora isolates obtained from a variety of hosts but did not hybridize with DNA from 6 P. citrophthora isolates obtained from cacao. Southern blot analysis revealed that the probes contained repetitive DNA, and restriction fragment length polymorphisms were identified among several P. citrophthora isolates. Of the isolates tested, two major groups were observed whose genetic similarity correlated with geographical distribution. One of the DNA probes was used to detect P. citrophthora growing from infected citrus roots incubated on semiselective medium. P. citrophthora was not detected by a hybridization assay of total DNA extracted directly from infected roots.
Phytophthora species cause the most serious soilborne diseases of citrus, and the most important Phytophthora spp. attacking citrus are Phytophthora citrophthora and Phytophthora parasitica. While these morphologically similar species both cause gummosis and root rot of citrus, P. citrophthora is more active during winter and early spring, and it more frequently infects fruit and aerial plant parts than does P. parasitica, which is more active during late spring and summer (21) . Such differences between P. citrophthora and other Phytophthora spp. make it important for researchers to accurately and efficiently identify P. citrophthora.
Identification of most fungi is based principally on morphology. For several genera of fungi, including Phytophthora, identification to species can be very difficult, because morphological features may vary significantly. Although many morphological characteristics of Phytophthora spp. are stable, some have ranges that overlap among species, which creates problems in identification (1) . Problems also arise because key characteristics may be difficult to produce in pure culture, and observations are frequently not performed under standardized conditions (22) . As a result, researchers have sought new techniques to identify Phytophthora species. One relatively new approach is the construction of highly specific cloned DNA probes for the identification of plant pathogenic fungi (5, 6, 17) . For Phytophthora species, DNA probes have been developed which are specific to P. parasitica and which can be used to detect the fungus in root tissue and soil samples (5; P. H. Goodwin, J. T. English, D. A. Neher, J. M. Duniway, and B. C. Kirkpatrick, Phytopathology, in press).
Specific cloned DNA fragments can also be used to examine genetic variation among populations of plant pathogens by identifying restriction fragment length polymorphisms (RFLPs) (7, 11, 15 to a collection of P. citrophthora isolates. These cloned probes were then used to assay the pathogen in roots and to distinguish genetic differences among isolates of P. citrophthora.
MATERIALS AND METHODS Fungal isolates. Isolates of Phytophthora and Pythium species and their sources are listed in Table 1 . Cultures were stored on cornmeal agar slants at 25°C.
DNA isolation. Fungal isolates were cultured, and their DNA was purified according to the methods of Goodwin et al. (5) .
Construction of DNA library and probe preparation. Standard DNA manipulations were performed according to the method of Maniatis et al. (13) unless otherwise stated. Two micrograms of chromosomal DNA of P. citrophthora P1323 was digested with HindlIl and EcoRI and was then precipitated with sodium acetate and ethanol. Twenty micrograms of chromosomal DNA of P. parasitica 5-3A was sheared by sonication for 6 s. The DNA preparations were separately suspended in 0.2 ml of buffer (0.41 M Na2HPO4-NaH2PO4, 0.2% sodium dodecyl sulfate, 0.01 M EDTA [pH 6.9]). The preparations were combined, heated to 100°C for 5 min, incubated at 60°C for 18 h, and then cooled slowly to 22°C. The DNA mixture was precipitated with sodium acetate and isopropanol, suspended in TNE (10 mM Tris hydrochloride, 1 mM EDTA, 100 mM NaCl [pH 8.0]), and purified by DEAE chromatography (13 boric acid, 0.02 M EDTA). After the gels were stained with ethidium bromide, they were transferred to nylon membranes (Nytran; Scheicher & Schuell) as described previously by Maniatis (13) .
For all blots, membranes were baked, prehybridized, hybridized, and washed as described previously by Kirkpatrick et al. (10) . After the membranes were washed, they were exposed to X-ray film (XAR; Eastman Kodak Co., Rochester, N.Y.) for 1 (8) . After 5 days at 22°C, fungal colonies were transferred to V-8 medium covered with a nylon membrane and were incubated for 3 days. The membrane was removed and placed on 3 MM filters moistened with 10% N-laurylsarcosine. After 5 min, the membrane was transferred to 3 MM filters moistened with 0.5 M NaOH plus 1.5 M NaCl and was incubated for 5 min. The membrane was then placed on 3 MM filters moistened with 0.5 M Tris hydrochloride (pH 8) plus 1.0 M NaCl, incubated for 5 min, and moved to 20x SSC-moistened 3 MM filters for 5 min. Finally, the membrane was placed in 18x SSC plus 1.5% N-laurylsarcosine for 10 min and was then air dried. RESULTS Selection of P. citrophthora-specific DNA probes. DNA from 600 ampicillin-resistant colonies was hybridized to radiolabeled DNA of P. citrophthora or P. parasitica. Two recombinant plasmids, pCIT4 and pCIT15, were selected which hybridized with DNA from 12 different isolates of P. citrophthora but not with DNA from isolates of P. parasitica or nine other Phytophthora spp. (Fig. 1 and Table 1 ). These plasmids also did not hybridize to DNA from several Pythium spp. or to DNA from healthy citrus and tomato roots ( Fig. 1 and Table 1 ). Although the DNA probes hybridized with DNA from most P. citrophthora isolates, they did not hybridize with DNA from six P. citrophthora isolates obtained from cacao in Brazil (Table 1) . Specificity of pCIT4 and pCIT15 was not due to the cloning vector which did not hybridize with P. citrophthora DNA. For the P. citrophthora isolates that hybridized with the 32P-labeled DNA probes, approximately 1 ng of DNA was usually detectable (Fig. 1) .
Southern blot analysis. Numerous fragments of P. citrophthora DNA, digested with HindIlI and EcoRI, hybridized to pCIT15, indicating that the DNA probe contained repetitive DNA (Fig. 2) . Multiple restriction fragments of P. citrophthora DNA (approx. 10 to 15 bands) also hybridized to pCIT4 (data not shown). As expected, isolates of P. citrophthora, P. parasitica, and Phytophthora citricola which did not hybridize to pCIT15 in dot blots showed no hybridization to the probe in Southern blots (Fig. 2) . Also, no hybridization to pCIT15 was observed for Southern blots of digested Pythium ultimum DNA (data not shown).
The cloned P. citrophthora DNAs were 2.9 kilobases (kb) for pCIT4 and 5.1 kb for pCIT15 and did not contain internal HindIII or EcoRI restriction sites. The size of the cloned fungal DNA of pCIT4 was very similar to that of the vector. The insert DNA, however, could be separated from the vector by digestion with other restriction enzyme combinations such as PstI plus Sacl or PstI plus HindIll. There was no homology between the cloned P. citrophthora DNA of pCIT4 and pCIT15 (data not shown).
RFLPs were observed when either pCIT4 or pCIT15 was hybridized to Southern blots of digested DNA of P. citrophthora (Fig. 2) DNA extraction methods were employed, but detection was consistently unsatisfactory. An alternative approach was to increase the biomass of the fungus by first incubating infected roots on semiselective medium. Fungal colonies which developed were then transferred and incubated on medium covered with a nylon membrane, and the membrane was processed for hybridization with pCIT15. All of the 19 tested colonies, which grew from infected citrus roots and had the typical morphology of P. citrophthora, hybridized with the probe by this procedure (data not shown). A faster method of detection involved incubating the roots directly on membrane-covered semiselective medium and then processing the membrane for hybridization with pCIT15. De- tection of P. citrophthora-infected roots was possible by this method (Fig. 3A) , but the results were inconsistent. Frequently, bacterial colonies also grew from the roots, inhibiting fungal growth on the membrane. However, the bacteria did not appear to inhibit fungal growth in the semiselective medium, and colonies of P. citrophthora, which passed through the membrane and grew into the medium, could be detected with pCIT15. Fungi other than P. citrophthora also grew to a limited extent on the semiselective medium and nonspecifically bound some of the probe (Fig. 3B) ; however, this nonspecific binding was distinctly less than the degree of hybridization with P. citrophthora shown in Fig. 3A .
DISCUSSION
To select for species-specific DNA of P. citrophthora, a modified version of the deletion enrichment technique was employed (12) . By this technique, several types of hybrids should have existed when enzyme-digested DNA of P. citrophthora was hybridized to excess amounts of randomly sheared DNA of P. parasitica. One type of hybrid should form when DNA sequences in common between the two species reanneal. These hybrids are not usually cloned, because they contain one strand of sheared DNA and one strand of digested DNA and therefore lack the appropriate terminal sequences to be ligated with digested vector DNA. A second type of hybrid, however, should form which contains both strands of digested P. citrophthora DNA, and these should be possible to clone. Such hybrids should contain relatively more species-specific DNA, because nonspecific sequences which reanneal between P. parasitica and P. citrophthora should not be able to form this type of hybrid. Our results, however, do not prove that enrichment occurred for P. citrophthora-specific DNA. Only 2 of 600 clones that were screened contained species-specific DNA. This' was the same frequency (3 of 900 clones) that was obtained in the development of species-specific DNA probes for P. parasitica for which no enrichment technique was used (5). Results of these different studies, however, are not directly comparable, because P. parasitica and P. citrophthora may differ in the amount of species-specific DNA and thus the frequency of obtaining cloned species-specific DNA for P. citrophthora might have been less without the use of the deletion enrichment technique.
Random DNA probes have been cloned and identified for P. parasitica (5), Phoma tracheiphila (17) , and a set of forma speciales of Fusarium oxysporum (14) . All of these probes contain repetitive DNA. Because clones were selected in this research which produced the strongest hybridization signal to P. citrophthora DNA, it was not surprising that the clones also contained repetitive DNA. DNA of a closely related fungus, Phytophthora megasperma f. sp. glycinea, contains up to 70% repetitive DNA (20) . It is therefore likely that P. citrophthora contains large amounts of repetitive DNA, and the probability of cloning fragments containing repetitive DNA is relatively high. In addition, the deletion enrichment technique introduces bias towards cloning repetitive DNA, since repetitive sequences would have a higher probability of reannealing than would single-copy sequences.
Two different cloned DNA probes, pCIT4 and pCIT15, detected all tested isolates of P. citrophthora from a variety of hosts, except cacao. Numerous isolates of other Phytophthora spp., including P. parasitica, which causes a similar disease of citrus, did not hybridize with the DNA probes. Also, DNA from several Pythium spp., which cause similar root rots of plants, and DNA from roots of citrus, a host of P. citrophthora, did not hybridize to the probes. Because the cacao isolates of P. citrophthora failed to react with either probe, the genetic relatedness of these isolates to the majority of P. citrophthora isolates cannot be determined by our probes. DNA from cacao isolates also did not hybridize to DNA probes specific to P. parasitica (5; data not shown). The morphological characteristics of cacao isolates fit closest to the description of P. citrophthora (9) . The sporangial morphology of cacao isolates is similar to that of citrus isolates of P. citrophthora, but the length-to-breadth ratios of sporangia are different. Cacao isolates produce abundant chlamydospores in culture but are not pathogenic to citrus, and citrus isolates of P. citrophthora are not pathogenic to cacao (9) . In a study of 15 different isozymes of P. citrophthora, the cacao group had a pattern distinctly different from those of all other P. citrophthora isolates (P. Oudemans and M. D. Coffey, personal communication). Results of isozyme analysis also suggest that although cacao isolates are morphologically similar to other isolates of P. citrophthora, they may be genetically very different.
On the basis of RFLP similarity coefficients for a relatively limited number of isolates, P. citrophthora can be tentatively divided into several groups. All of the citrus isolates, except P318, had identical RFLPs. Isolates of this group, however, may be related more on the basis of geographical proximity than on the basis of host specificity. Most (17) . Although detection of Phoma tracheiphila was possible in inoculated lemon seedlings when total DNA was isolated and assayed in dot blots, detection was limited by the extraction of DNA from lignified tissues of adult lemon trees. To increase the biomass of the fungus, it was necessary to incubate split branch sections on selective medium and then extract DNA from the internal surfaces of the woody tissue (17) . We also found that direct detection of P. citrophthora DNA from infected citrus roots was unsatisfactory with our probe. However, by allowing the fungus to grow from the root onto semiselective medium, it was possible to detect P. citrophthora with pCIT15. The most reliable procedure was to transfer colonies from semiselective medium to a medium covered with a nylon membrane which later could be hybridized to the probe. Alternative methods to increase the amount of pathogen DNA, such as the polymerase chain reaction (18) , may allow direct detection of fungal pathogens in lignified tissues.
